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R619Cardiovascular Biology: Play It Again,
Gata4To function properly, the vertebrate heart must navigate challenging periods by
utilizing appropriate stress-response pathways. A new study highlights a
crucial role for the transcription factor Gata4 in mediating diverse stress
responses in the zebrafish heart.Grant I. Miura and Deborah Yelon*
Throughout their lifetime, organs
experience a variety of signals and
forces exerted by their environment.
Like people subjected to peer pressure
or other social stressors, the responses
of tissues to external influences can
depend on age and setting. The heart,
for example, mounts appropriate
reactions to the different stresses that it
encounters. As the young heart
develops, it responds to increased
workload and blood pressure by
coordinating changes in its size and
shape [1]. Once mature, the adult heart
can experience similar forces as a
consequence of cardiac injury and may
respond by stimulating repair and
regeneration processes [2]. The
mechanisms by which the heart
translates biomechanical forces into
cellular outcomes remain mysterious,
and the extent of similarity or
divergence between the pathways that
guide growing and regenerating hearts
has been unclear. In this issue of
Current Biology, Vikas Gupta,
Ken Poss and colleagues [3] shed light
on this topic by demonstrating that the
responses of the zebrafish heart to
diverse stresses are linked by a
common pathway involving activation
of the transcription factor gene Gata4.
The zebrafish heart undergoes a
variety of morphological changes as it
matures from an embryonic tube into a
complex adult organ [4]. In order to
accommodate the circulatory needs of
the growing animal, the juvenile heart
increases its muscle mass by
thickening the ventricular chamber
wall. Recent work by Gupta and Poss
[5] demonstrated that this fortification
of the ventricle results from the
formation of a new, exterior layer of
muscle, called the cortical layer. To
elucidate the origins of the cortical
layer, the authors tracked the progeny
of numerous cardiac cells using a
modified version of the ‘brainbow’
technique. This technology employs a
transgenic array of fluorescent reportercassettes, recombination of which
generates a collection of individual
cells whose descendants will be
marked with distinct colors [6].
Surprisingly, this approach revealed
that the cortical layer is derived from a
small number of highly proliferative
cells residing in the trabeculae
(the inner meshwork of ventricular
muscle): these founder cells migrate
through the ventricular wall and then
rapidly expand along the outer surface
of the ventricle [5]. The discovery of this
morphogenetic strategy was intriguing,
but this initial set of studies did not
address the critical events that trigger
cortical layer formation.
As juvenile development involves
rapid growth of the zebrafish and its
heart [7], Gupta and colleagues [3]
hypothesized that mechanical stress
prompted by cardiac enlargement
could provoke cortical layer
morphogenesis. To test this, they
investigated whether cortical layer
emergence could be triggered by
premature application of the types of
tensions experienced by the growing
heart. Toward this end, the authors
utilized established methods for
accelerating cardiac growth by raising
fish at elevated temperatures or at
decreased population density [8,9].
Strikingly, both strategies induced
precocious formation of ventricular
cortical tissue. In addition, the authors
examined whether the stresses
brought on by cardiac injury could
cause premature cortical layer
formation. Indeed, two different
methods for damaging the juvenile
ventricle — piercing the wall with a
needle and ablating cells through
cardiac-specific expression of
diphtheria toxin — were both able to
stimulate the appearance of ectopic
cortical muscle. Together, these results
suggested that diverse stresses can
elicit cortical layer formation during
juvenile morphogenesis.
The emergence of the cortical layer in
response to growth and injury
prompted the authors to considergenes that are activated in both
scenarios as possible regulators of
cortical morphogenesis. The
transcription factor Gata4 was an
attractive candidate, as previous work
from the Poss laboratory had
demonstrated that cardiac injury can
induce gata4 expression in a
population of cardiomyocytes that
contribute to the replenishment of
damaged tissue [10]. Similarly, the
cardiomyocytes in the cortical layer
exhibit a dramatic induction of gata4
expression, establishing an interesting
parallel between the populations of
cells that augment the chamber wall
during morphogenesis and rebuild it
following injury [3]. To test whether
Gata4 is required to promote either of
these modes of ventricular growth,
the authors generated an inducible,
tissue-specific transgene to express
a dominant-negative form of Gata4.
Inhibition of Gata4 activity during
juvenile stages resulted in loss of the
cortical layer, weakening the
ventricular wall and leading to
symptoms of heart failure. Likewise,
inhibition of Gata4 activity in the injured
adult heart blocked regeneration,
resulting in the production of a scar
rather than the expected myocardial
repair. Thus, despite the distinct
circumstances experienced by the
heart during juvenile morphogenesis
and adult regeneration, both processes
shape the ventricle through activation
of Gata4 (Figure 1).
Taken together, these results
support an intriguing model in which
the heart reacts to diverse
biomechanical forces by activating
a common, Gata4-mediated pathway
to drive cardiac growth during
morphogenesis and regeneration.
A number of important open
questions remain regarding the
mechanisms underlying these
processes. For instance, although it
is clear that external stresses can
trigger dramatic cardiac responses,
the precise nature of these stimuli
remains poorly defined. We cannot
yet explain how the developing heart
perceives alterations in its workload or
how the injured heart recognizes its
diminished capacity. In addition, it is
not known how the heart translates
biomechanical inputs into induction of
specific genes. One possibility is that
atypical stretching of cardiomyocytes
could cause modification of
extracellular matrix, cytoskeleton, or
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Figure 1. Re-activation of Gata4-driven programs in response to distinct stresses influencing
the juvenile and adult zebrafish heart.
(A) As the developing heart increases in size during juvenile stages, biomechanical stresses
activate gata4 expression in the founders of the cortical layer of the ventricle. These founder
cells (green) rapidly proliferate and coat the exterior of the heart in order to fortify the ventric-
ular wall. (B) Injury of the adult heart induces gata4 expression in a population of cardiomyo-
cytes (green) that proliferate and assist in replenishment of lost cardiomyocytes.
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lead to altered gene expression [11].
This would be reminiscent of a recent
study [12] demonstrating that
mechanical compression of
mesenchyme cells can provoke
cellshape changes that induce the
expression of transcription factors,
such as Pax9 and Msx1, which are
critical for tooth formation. However,
in the case of the juvenile heart, there is
evidence that cells do not respond
uniformly to mechanical stress, as only
a small number of cortical founders
emerge from the trabeculae. Are these
particular cardiomyocytes more
susceptible to biomechanical cues,
or are they stochastically selected?
It will be interesting for future studies
to examine whether any features
consistent with responsiveness to
mechanical inputs, such as changes
in cytoskeletal or extracellular matrix
properties, distinguish the cortical
founder cells before they breach the
ventricular wall.
The central role for Gata4 as a
mediator of myocardial responses to
biomechanical inputs fits well with its
previously characterized functions.
Loss-of-function studies in multiplemodel organisms have revealed
requirements for GATA4 during cardiac
fate specification and early phases of
cardiac morphogenesis [13]. In
mammals, GATA4 expression is
induced in response to different
stress scenarios such as increased
hemodynamic load and stretching [11].
GATA4 can act to relieve this pressure
by directly activating genes that
promote cardiac hypertrophy and
remodeling [14], and the hearts of
post-natal mice deficient for GATA4
fail to expand appropriately when
confronted with pressure overload
[15,16]. Thus, the requirement for
Gata4 to enact crucial myocardial
gene programs during juvenile
morphogenesis and following
adult injury is consistent with
established roles for Gata4 in relieving
increased stress. In each of these
stress-regulated scenarios, distinct
stimuli trigger Gata4 expression and
different patterns of cell behavior result
from this induction. It will therefore be
fascinating for future work to examine
whether the pathways controlling
juvenile cortical morphogenesis and
adult regeneration utilize similar or
divergent Gata4 targets and partners.TheGata4-mediated stress response
pathway is utilized reiteratively to solve
a variety of problems encountered
during the lifetime of the heart. This
type of reiteration of embryonic gene
expression programs seems to be a
common theme during organ
development, homeostasis, and
regeneration. In skeletal muscle, for
example, the transcription factor Pax7
is known to be essential for muscle
specification in the developing embryo
and can also promote satellite
cell-mediated regeneration after adult
muscle injury [17]. The repeated
presence of certain transcriptional
programs during multiple stages in the
cumulative history of an organ is
reminiscent of the repeated
deployment of a melodic motif
throughout the multiple portions of a
sonata. Just as a melody may reappear
in different movements with distinct
tempos or intonations, the
reappearance of a transcriptional
program at different stages can
promote disparate biological
processes. It will be an important future
challenge to determine the
mechanisms by which transcriptional
motifs link distinct inputs and
outcomes in specific organs.References
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Circuits with Sex HormonesMale and female mice behave differently when encountering a male. A
recent study identifies progesterone receptor-expressing neurons in the
hypothalamus that are required for sexual behavior and male aggression.
These findings provide insight into how neural circuits control sexually
dimorphic behaviors.David M. Ferrero
and Stephen D. Liberles*
Have you seen this movie? The popular
quarterback of the varsity football team
walks into his high school cafeteria.
Two heads turn in his direction: a girl
from French class flashes a smile,
while the boy next to her scowls with
jealousy. Such sexually dimorphic
social responses are observed in
humans, as well as many other
animals. In mice, males and females
display opposing aggression or
sexual behaviors to a foreign male.
These sex-specific responses occur
in littermates with the same genetic
background and environmental
experience, and are evoked by the
identical sensory stimulus, suggesting
that sex-dependent neural processing
is involved. A new paper in Cell [1] from
Cindy Yang, Nirao Shah and colleagues
explores the anatomy and function
of a neuron class that mediates
sex-specific behaviors.
Sexually dimorphic behaviors in
mice are largely controlled by brain
nuclei located in the hypothalamus,
amygdala, and other regions of
the limbic system [2,3]. One
nucleus, termed the ‘ventromedial
hypothalamus’ (VMH), is critical for
sexually dimorphic behaviors [4,5],
as well as survival behaviors, such as
feeding and predator defense [6,7].In female mice, VMH lesions abolish
sexual behavior while VMH stimulation
induces lordosis [5,8], a stereotyped
mating posture displayed by sexually
receptive females. In males, however,
VMH lesions abolish aggression
behavior, and electrical stimulation
of the ventrolateral portion of the
VMH induces rapid attack behavior
towards male intruders, female mates
and even inanimate objects [4,9]. Thus,
the VMH functions in a sex-specific
manner to gate display of different
instinctive behaviors. Parallel
processing streams within the VMH
have been proposed to mediate
specific responses [10], although the
precise neuron types involved remain
undetermined.
The VMH and other sexually
dimorphic nuclei are shaped during
development by sex hormones [2].
Canonical sex hormone signaling
involves nuclear hormone receptors
that activate intracellular signaling
pathways and gene expression
programs. Estrogen, androgen, and
progesterone receptors are
expressed throughout the limbic
system of both males and females [2],
and knockout of sex hormone
receptors globally or specifically in the
brain alters sexual behavior [11–13].
Sex hormone signaling changes
neuron number, morphology,
connectivity, hormone andneurotransmitter responsiveness and
gene expression [2]. However, specific
alterations required for different
sex-specific behaviors have so far been
unknown.
Neuronal effects of sex hormones
occur in two distinct phases: first,
during a perinatal critical period, sex
hormones ‘organize’ the architecture
of neural circuits; and second, during
adulthood, sex hormones ‘activate’
acute behavioral and endocrine
responses [2]. Organizational effects
of sex hormones are primarily observed
in males; the default state — an
absence of sex hormone signaling in
the perinatal brain — permits the
development of female behaviors [2].
A testosterone surge occurs around
birth in males, but not females, and
testosterone is locally converted into
estradiol by the enzyme aromatase
[14]. Perhaps counterintuitively,
estradiol functions as the organizing
signal in the perinatal male brain for
development of male behaviors and
suppression of female behaviors [2,15].
Maternal estrogens circulate at low
levels in newborn rodents, but are
prevented from accessing the
female brain during the perinatal critical
period by binding to plasma
a-fetoprotein [16]. In the adult,
expression of sex-specific behaviors is
acutely regulated by androgens and
estrogens, but earlier effects of sex
hormone signaling constrain what
behaviors may be displayed in
adulthood.
Love, War and Progesterone
Another sex hormone, progesterone,
contributes to patterning of male and
female behaviors, but mechanisms
involved are poorly understood. The
progesterone receptor is expressed in
limbic centers of the brain, including
